This article reports on the outcome of FutureTox, a Society of Toxicology (SOT) Contemporary Concepts in Toxicology (CCT) workshop, whose goal was to address the challenges and opportunities associated with implementing 21st century technologies for toxicity testing, hazard identification, and risk assessment. One goal of the workshop was to facilitate an interactive multisector and discipline dialog. To this end, workshop invitees and participants included stakeholders from governmental and regulatory agencies, research institutes, academia, and the chemical and pharmaceutical industry in Europe and the United States. The workshop agenda was constructed to collectively review and discuss the state-of-the-science in these fields, better define the problems and challenges, outline their collective goals for the future, and identify areas of common agreement key to advancing these technologies into practice.
The urgent need to develop new tools and increased capacity to test chemicals and pharmaceuticals for potential adverse impact on human health and the environment has been recognized for quite some time. In response, a committee formed by the U.S. National Academy of Sciences (NAS) formally challenged the entire scientific-academic-industrial-regulatory community to develop streamlined, more efficient methods to assess risk from human exposure to known and novel chemicals and pharmaceuticals. This challenge was outlined in great detail in 2 heavily cited reports: Toxicity Testing in the Twenty-first Century: A Vision and a Strategy (National Research Council, 2007) and Science and Decisions: Advancing Risk Assessment (National Research Council, 2009 ), both of which advocated for "science-informed decision making" in the field of human risk assessment.
The NAS reports also recognized and recommended that effective implementation of new technologies in risk assessment requires interdisciplinary and intersector dialog as well as a consistent and coherent strategy for validating and then integrating new technologies into the existing risk assessment framework.
This article reports on the outcome of FutureTox, a Society of Toxicology (SOT) Contemporary Concepts in Toxicology (CCT) workshop, whose goal was to develop consensus among stakeholders on how to implement 21st century technologies for toxicity testing, hazard identification, and risk assessment. To facilitate an interactive multisector and multidiscipline dialog, the workshop invitees and participants included stakeholders from governmental and regulatory agencies, research institutes, academia, and the chemical and pharmaceutical industry in Europe and the United States. Workshop participants reviewed and discussed the state-of-the-science in these fields, attempted to define collective goals for the future, and identify areas of common agreement key to advancing use of novel technologies. In order to accomplish the objectives set by the organizing committee, the workshop addressed the following topics: (1) How can predictive toxicology be integrated into existing safety assessment practices? (2) What is the best use of human and environmental exposure, toxicity, and dosimetry data in the context of risk assessment? and (3) How can emerging science impact and reshape current risk assessment practice? Throughout each workshop session, presenters discussed how to apply 21st century toxicology methods for improved and more efficient safety assessment, and how to promote an ordered and scientifically defensible transition to a new toxicity testing and risk assessment paradigm. Workshop participants also discussed how to translate in vitro chemical exposures to "real-world" systemic doses and how to eliminate use of arbitrary "uncertainty" factors. The CCT format enabled these discussions and helped participants begin to develop a vision of the path forward.
gETTing FrOm HErE TO THErE: FaCing mUlTiplE rOadS TO THE FUTUrE
The workshop opened with a plenary lecture by Thomas Hartung (Johns Hopkins Bloomberg School of Public Health, Baltimore, MD). In "setting the stage" for the remaining workshop presenters, Hartung described recent explosive growth of the pharmaceutical and chemical industries; he estimated that approximately 300 chemicals and pesticides are currently tested per year in the United States alone at a cost of approximately $2.5 million per chemical and a total cost of $750 million per year. Moreover, new classes of compounds, such as nanoparticles, are being generated and tests for new endpoints, such as endocrine modulation, will be or are already being required to ensure product safety. One needs also to add to this workload the challenge of evaluating the potential health effects of exposures to chemical mixtures. The current rate of growth in the chemical industry alone indicates that the demand for health testing will increase at least 15-fold over the next 2 decades, clearly portending that new testing approaches will be required to avoid unnecessarily crippling chemical innovation with the costly and restrictive funnel of conventional toxicity testing practice. As a rough estimate, without any change in conventional testing requirements, the cost of testing is expected to increase to approximately $11 billion per year just for environmental chemicals alone (excluding pharmaceuticals) and will potentially require use of as many as 4 billion animals in the United States alone. In Europe, there could be additional demand to test as many as 144,000 substances at a cost of €9 billion, potentially using 54 million animals. The magnitude of the problem is obvious, and the demand for accurate and efficient cost-effective chemical testing cannot be met using existing tools and resources.
Although Hartung's commentary focused on the pragmatic needs for increasing productivity of toxicity testing, a later presentation by Linda Birnbaum (Director, NIEHS) outlined new approaches and initiatives on the fundamental biological/toxicological initiatives already underway at the National Institutes of Health (NIH) that could help meet the challenges ahead. These research investments emphasize exploration of the use of alternative in vitro non-animal-based methods and their associated value as efficient tools for prioritization of chemical testing. In addition, an increased focus on more rapidly and clearly understanding fundamental mechanisms of toxicity, when coupled with an improved understanding of human exposure and dosimetry potential, was viewed as a key opportunity to better inform health risks of chemical mixtures, the cumulative effects of low-dose exposure, epigenetic geneenvironment interactions, and implications for susceptible human populations.
William Slikker, Director of FDA National Center for Toxicological Research, described another federal initiative between FDA-NIH and Defense Advanced Research Projects Agency (DARPA) to develop engineering platforms more reflective of complex physiological processes that are well-established determinants of toxicity. He described several research initiatives such as "tissue on a chip" that combine cells from several different organs into one integrated platform replicating whole animal physiology and use of stem cells for evaluating developmental toxicity. Dr Slikker referred to the challenges of meeting these objectives as a "moon shot," reflecting both the undeniable complexity and necessity of robust intersector coordination and collaboration required to attain such a goal. However, he tempered this sobering observation by noting that it took less than a decade to accomplish that daunting task when both the resources and political and technical will were directed at the problem.
Workshop attendees also heard from a series of presenters about their direct experiences implementing predictive toxicology and their perspectives on the future of toxicity testing and risk assessment. Timothy Pastoor (Syngenta Crop Protection), cochair of ILSI-HESI Risk21 project, strongly asserted that the collective group of stakeholders associated with that project, with few exceptions, believed that the toxicology and risk communities have not succeeded in efficiently using resources available to identify hazards, predict risk, and ultimately more confidently protect human and environmental health against the potential adverse effects of exposure to drugs and chemicals. Consistent with this view, nearly every speaker at FutureTox concurred that the existing "toolbox" for chemical testing and risk assessment is inadequate, leading to an imperative to change the inventory of that toolbox. In fact, the response to this imperative is already well underway. Hartung and other FutureTox participants outlined ongoing major efforts to modernize parts of the toxicology toolbox and/or novel ways to put those tools together to develop a new testing and new risk assessment framework. Hartung identified several major initiatives including NexGen, ToxCast, Risk21, the Transatlantic Thinktank for Toxicology, Expocast, the Critical Path Institute, and the FDA-DARPA-NIH initiative to develop complex 3D in vitro models for human organs. Importantly, consistent with the complexity and challenge of the tasks, each of these initiatives is a multistakeholder collaborative effort. As stated by George P. Daston (Proctor & Gamble) in a closing summary statement at the end of the workshop, "bigger is better"; more participants are better than fewer participants; more data are better than less data; and more chemicals, cell lines, assays, and models need to be examined using ever more demanding and complex computational resources. Given the magnitude of the challenge, the consensus among the workshop participants was that success will require that all stakeholders leverage all available resources to overcome technical challenges. At the same time, the stakeholders may need to adapt their vision of the future, participating in programs that fit in to a strategic roadmap built on consensus. Thus, regular opportunities for intersector and interdisciplinary dialog are and will continue to be critical.
priOriTizaTiOn and TiEr-BaSEd riSk prOFiling
Workshop participants agreed that screening all chemicals for all possible toxic outcomes using conventional whole animal or even high-throughput testing is neither feasible nor necessary. Rather, it will likely prove far more productive to develop and optimize integrated tools that accurately prioritize chemicals into high-, moderate-, and low-risk bins. However, the factors that go into the prioritization decision tree, their relative weight, and more importantly, the selection of tools in the prioritization tool box are a matter far from resolved. Nevertheless, a "tier-based" approach was uniformly endorsed at FutureTox as a reasonable and productive "roadmap" objective for advancing these new technologies into practice.
Tier-based prioritization requires rank ordering a large universe of chemicals from high concern to low concern using high-throughput techniques that are informative without being expensive or labor intensive. The relative risk for any compound increases due to high exposure, high toxicity, or both. Risk21 cochair Timothy Pastoor presented one of several graphic representations, termed the Matrix, which captures this concept (Fig. 1) . The Matrix is a tool designed to assist in problem formulation. In other words, the Matrix helps to define "what you know and what you need to know." Dr Pastoor emphasized that the problem should not always be formulated as needing to precisely define the hazard; the more relevant way to formulate the problem is to ask "what is the context of human exposure and how does that compare with toxicity-associated doses in a relevant test system." At its heart, the Matrix framework rests on the assumption that the Margin of Exposure is central to interpreting integrated in vivo or in vitro outputs. Thus, in prioritization frameworks such as the Matrix, it may not always be necessary to identify apical hazard responses in order to assess the potential for human risk. Rather, one should identify the concentration that elicits an adverse response (see PoT, MoA, or AOP: Toxicity as Perturbation(s) of Biological System(s) section) and try to translate or extrapolate that context and dose to real-world human exposures through modeling. In this context, several workshop presenters emphasized that rapid advances in exposure science are providing more precise quantitation of human exposures and helping develop tools for systemic dosimetry in humans. Soon, it will be unacceptable to state "we know little about exposure" and use of arbitrary uncertainty factors will no longer be justifiable. Many presenters at the workshop discussed a tier-based approach to screening for hazard and/or risk, including Ila Cote (U.S. EPA), Alan Boobis, Richard Judson (U.S. EPA), Russell Thomas (Hamner Institute), Richard Becker (American Chemical Council, William Pennie (Pfizer), and J.C.R. (Dow Chemical Company). In addition, several specific strategies for "binning" compounds into high and low priority groups were also described (see further discussion below).
pOT, mOa, Or aOp: TOxiCiTy aS pErTUrBaTiOn(S) OF BiOlOgiCal SySTEm(S)
Although it has been proposed that one can catalog and define a discrete number of cellular pathways leading to toxicity, it is still a matter of controversy how to identify and even how to name such pathways, which have alternatively been called pathways of toxicity (PoT), adverse outcome pathways (AOP), or chemical modes of action (MoA). Thomas Hartung reminded the participants that the initial event leading to adversity is an interaction between a chemical or drug and a biological target and that this interaction initiates disruption of (or perturbs) normal cell homeostasis provoking an acute response (Fig. 2) . A cell adjusts to continued impact and dose from the chemical or drug and a new cellular state is achieved, which he called "homeostasis under stress." However, many toxicological assays neglect these first 2 stages of the response and, instead, measure biological parameters unique to the third phase when cellular homeostasis is overwhelmed (ie, during acute intoxication) or when systemic function declines under chronic adversity, leading to hazard manifestation (ie, overt toxicity). Whether the pathways are called PoT, AOP, or MoA, it is seen as valuable to classify the nature of the initial toxicant cell interaction and to develop predictive models that build on detailed understanding of the steps that lead, in a dose-and time-dependent manner, from the initial interaction to a specific toxicity. However, as noted in the previous section, identification of a specific toxicity may not always be necessary. In a framework based on toxicity pathways (ie, PoT, AOP, or MoA), one needs only to focus on critical early events and link them to one or more specific human exposures.
aTTaining THE gOal: EFFiCiEnT, aCCUraTE HigH-THrOUgHpUT SCrEEning TOOlS aS a nEw rOad TO inFOrming HEalTH riSkS
Richard Judson (U.S. EPA) presented an overview of the U.S. EPA ToxCast program and the collaboration U.S. EPA, NIH, U.S. FDA Tox21 program. The goal of these programs is to screen approximately 10 000 compounds using an in vitro robotic platform. The first phase of ToxCast was recently completed, producing data on 309 chemicals using 600 assays, with the objective of coupling such test platform outputs with associated data reflecting 1100 in vivo endpoints. Ultimately EPA intends to use the data to formulate a complete set of toxicologic pathways and responses to be used in hazard prediction. However, the difficulties associated with developing predictive models of whole organism hazard outcomes from in vitro data were underscored by Russell Thomas (Hamner Institutes). Thomas described a systematical study that asked, "how well do the current set of ToxCast assays perform for predicting hazard outcome." In this study, the output of current ToxCast assays was compared with data from an extensive toxicology database of well-characterized chemicals. Somewhat surprisingly, Thomas reported that the in vitro ToxCast assays performed only slightly better than expected by chance in predicting hazard outcomes as a whole, and they Fig. 2 . A system adapts to moderate exogenous stress, such that a new homeostasis is established; repeated stress leads to chronic adversity, and ultimately to exhaustion. Abbreviations: EpiP, epiphenomena (Selye, 1956) ; POD, point of departure; PoT, pathway of toxicity.
did not perform significantly better than equivalent predictions based on quantitative structure-activity relationship (QSAR) modeling. Thomas concluded that the current suite of 600 in vitro ToxCast assays per se is poorly suited to the task of hazard prediction. William Pennie (Pfizer Global Research) described similar conclusions reached at Pfizer when describing an approach used in Pfizer for identifying compounds likely to cause low-dose toxicity relative to doses necessary for pharmacologic efficacy. Pennie underscored his view that the available toxicity evaluation tools, regardless of how they are coupled, are not currently capable a priori of predicting organ-specific endpoints. Despite this complication, Thomas emphasized that the relatively broad range of in vitro assays could still be highly informative for identifying potential human risk. In particular, better results are achieved when target selectivity and potency are considered. Thomas suggested that target-specific endpoints can and should be differentiated from nonspecific endpoints in test systems. Thomas concluded by describing a framework to use in vitro and genomic data in which margins of exposure between human doses encountered in the real world and concentrations eliciting responses in high-throughput test systems can be compared. This approach can be used to determine whether real-world exposures are sufficiently differentiated to be considered safe (Fig. 3) . He noted that additional human exposure data and modeling are critical important to the future success of the framework, as highlighted in the previous section and detailed below. There was general consensus by all presenters that conversions between reverse dosimetry and high-throughput exposure modeling must be developed as a parallel and ultimately converging road, if high-throughput testing approaches are ultimately to be employed with success in a new risk assessment paradigm.
THE THrEE E'S: ExpOSUrE, ExpOSUrE, and ExpOSUrE
As noted above, early in the first workshop session Timothy Pastoor challenged the audience by asserting that it is no longer an option to attempt to assess risk without a reasonable estimate of exposure. John Wambaugh (U.S. EPA), Harvey Clewell (The Hamner Institutes), Amin Rostami-Hodjegan (University of Manchester, Simcyp Limited, United Kingdom), J.S.B. (The Dow Chemical Company), and Sean Hays (Summit Rowlands, sandeR, and Bus Toxicology) addressed this challenge in the third workshop session. John Wambaugh spoke to the general feasibility of high-throughput exposure analysis as an alternative and/or supplement to conventional exposure analysis. Wambaugh described the EPA ExpoCast project, the exposure counterpart to ToxCast, which is attempting to extend the effective realm for exposure modeling, from simple models based solely on chemical fate and transport such as USETox (Hauschild et al., 2008) and The Risk Assessment IDentification And Ranking (RAIDAR) Model (Arnot et al., 2010 ) to complex models suitable for evaluating exposures in indoor environments, including use of consumer products. Very revealingly, when ToxCast and ExpoCast data were compared by Wambaugh, the estimated human exposures to approximately 90% of the chemicals analyzed fell several orders of magnitude below the lowest concentration eliciting a response in the ToxCast assays (Fig. 4) . Thus, even with a low degree of confidence in predicted exposure, the data suggest that ExpoCast and similar exposure estimates, when coupled with outputs from test systems such as ToxCast, may be sufficient to allow compounds to be binned according to relative risk for potential adverse human health effects. However, the exposure models used in ExpoCast rely on QSAR modeling for novel chemicals, which is a significant limitation of this approach. This problem, that QSAR-based models are restricted to a limited domain of applicability, was raised several times during FutureTox presentations and discussions. Because QSAR modeling is currently most successful for drugs (ie, compounds that are nonlipophilic, water soluble, and nonvolatile), there is great need to expand the fraction of chemical space to which QSAR-based models can be reliably applied. On the other hand, human biomonitoring data are currently limited to a relatively small number of chemicals. Nevertheless, expansion of the domain for QSAR-based models is seen as critical future need.
Harvey Clewell extended the discussion of human exposure modeling at the workshop, focusing on the multiple pharmacokinetic processes that can be incorporated into biokinetic models in order to calculate the human exposure that is equivalent to a chemical concentration from an in vitro assay. Amin Rostami-Hodjegan addressed the need to account for population variance in human exposure, arguing that it is possible to consolidate data from diverse sources and leverage physiologically based pharmacokinetic (PBPK) modeling toward this end (Jamei et al., 2009; Rostami-Hodjegan, 2012) . Sean Hays suggested further value of constructing human exposure paradigms reflecting internal systemic dose estimates, ie, toxicant concentration in human blood or urine samples, primarily because the systemic doses reflect aggregate exposure over all possible sources and thus require fewer assumptions and associated uncertainty factors. However, Hays also pointed out that spot urine collection, the method most commonly associated with human biomonitoring programs, must be interpreted in light of the fact that intraindividual measurements of a specific chemical can vary over 3 orders of magnitude in a single day for toxicokinetically short half-life substances, whereas the daily or weekly average concentrations of a chemical in urine of a single individual or in groups of individuals vary over 2 or 1 orders of magnitude, respectively (Li et al., 2010) .
J.S.B. argued for the importance and value of measuring blood and/or target tissue concentrations of toxicants and/ or key metabolites in laboratory animals during conventional dietary, drinking water, or inhalation toxicity studies, with a particular focus on identifying systemic blood and/or tissue concentrations at both the no and lowest observed effect level doses. He observed that rapid advances in analytical sciences have substantially increased the feasibility of such approaches (Saghir et al., 2006) . J.S.B. termed this approach "dosimetric anchoring," ie, exploiting comparisons of systemic blood/ tissue concentrations eliciting both no-effect and effect level responses in vivo with concentrations inducing responses in in vitro high-throughput test systems as a valuable aid in interpreting the potential health impacts of the outputs in vitro tests. Toxicity responses observed in in vitro tests at concentrations substantially higher than blood concentrations measured at NOEL and/or LOEL doses in in vivo animal toxicity studies are unlikely to represent a human risk if real-world human exposures also result in blood concentrations well differentiated from those at animal NOEL/LOEL doses. J.S.B. noted that dosimetric anchoring is an exposure dose parallel to phenotypic anchoring, in which apical toxicity and genomic and/ or other biomarker responses are correlated and have been productively used to inform health implications of those responses. Dosimetric anchoring data also will be useful for guiding and/ or interpreting future toxicity tests based on in vitro assays and for developing validated QIVIVE models. The dosimetric anchoring concept is especially attractive because there is an extensive database of exposure-outcome data in rodent short-and long-term toxicity testing assays; therefore, there is a valuable opportunity to leverage this legacy knowledge toward improving future risk assessment frameworks.
a HOly grail: rEplaCE UnCErTainTy FaCTOrS wiTH SCiEnCE-inFOrmEd riSk aSSESSmEnT
In the risk assessment framework of the future, toxicologists, risk assessors, and risk managers aim to either reduce or entirely remove the uncertainty factors associated with cross-species extrapolation, in vitro to in vivo extrapolation, and human population variation. Advances in QIVIVE modeling, as discussed above, are facilitating progress toward this goal. In addition, direct in vitro approaches have been developed to study comparative toxicity in human and other animal model test systems. J.C.R. (The Dow Chemical Company) pointed out that there are no roadblocks for applying 21st century methods today for reducing uncertainty in risk assessments. He demonstrated this using transcriptional profiling of toxicant-exposed primary cells to directly evaluate uncertainty factors for quantitative and qualitative differences in toxicant responses across species. Analysis of the transcriptomic profiles of primary rat and human cell cultures exposed to 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) allowed a direct comparison of the response to TCDD between the 2 species . After measuring dose-dependent transcriptional induction of key aryl hydrocarbon receptor-regulated genes in primary cells, benchmark dose analysis showed an average 18-fold difference in potency among orthologs that were differentially expressed in human and rat, with human hepatocytes less sensitive than rat hepatocytes. The data also demonstrate significant qualitative cross-species differences at the gene and pathway level, with many orthologous genes and pathways responding in a discordant manner in rats and humans. These data demonstrate that transcriptional profiling of toxicant-exposed primary cells is a useful approach to directly evaluate quantitative and qualitative differences in toxicant responses across species.
Approaches were presented for using 21st century methods to understand health impact of population sensitivity. Raymond Tice (NIEHS) described ongoing experiments at NIEHS in which toxicant response profiles are being studied in a genetically diverse population of mice (the Diversity Outbred Mouse; Chesler et al., 2008) . Gene toxicity studies revealed that resistant and sensitive strains can be differentiated, and that in sensitive strains, the number of micronuclei in bone marrow cells after exposure to benzene varies up to 100-fold. Such experimental information may be relevant to understanding human variation in the response to benzene. Ivan Rusyn (University of North Carolina) is exploiting repositories of immortalized human lymphoblast cell lines, generated by the International HAP-MAP Consortium and the 1000 Genomes Project, to study variation in susceptibility to toxicants in these human cell lines (O'Shea et al., 2011) . These cell lines represent the geographic and racial diversity of the entire global human population and allow assessment of population-wide variability in response to chemicals and the heritability of such responses. In one experiment, the response to 240 compounds was examined at 12 chemical concentrations (0.3nM-46mM) in 81 cell lines-including 27 genetically related trios in 2 assays: 1 assay measured ATP production and 1 assay measured Caspase activation, both of which are used as general measures of cytotoxicity (Lock et al., 2012) . In another experiment, 1086 cell lines were exposed to 179 compounds at 8 concentrations (0.33nM-92mM) and tested in 1 assay. Although more work is needed in this area, these types of approaches are very promising for understanding the distribution of sensitivities to specific chemicals and the concurrent influence of mode of action considerations on toxicity variability.
THE ElEpHanT and THE gOrilla
Participants at FutureTox achieved consensus on many immediate goals and future needs including reducing use of "blind" uncertainty factors related to cross-species extrapolation in human risk assessment, to improve links of biokinetic models with exposure refinements to support quantitative in vitro to in vivo extrapolation in humans, to continue dialog that encourages interdisciplinary and cross-sector collaborations and consensus building among all stakeholders, to engage the regulatory risk assessment community in development and implementation of new risk assessment frameworks reflecting advances in both biological and exposure sciences, to increase biomonitoring efforts and generate more "real-world" human exposure data, and to expand the QSAR and/or quantitative structure property/activity relationship (QSPAR) domain of applicability so that it is relevant to environmental chemicals as well as pharmaceuticals.
Workshop participants also identified several barriers to success, including the inherent difficulty in predicting organ-and tissue-specific responses solely from responses in either single or a battery of in vitro tests and in measuring organ-and tissuespecific dose and the need to rethink whether convergence of phenotypic anchoring is necessary to inform risk decisions, resistance to change from past risk assessment approaches emphasizing need to identify a hazard response, and inadequate resources to address the critical needs for transitioning to more productive testing and risk characterization paradigms. Workshop presenters mentioned one "elephant," and one "800-pound gorilla," standing in the way of future progress: the "elephant in the room" is "chemical mixtures"; the "800-pound gorilla" is "metabolism." Clearly, it is challenging to understand the complex influence of metabolizing systems on exposure outcomes in vivo. Thus, it is important to understand the metabolic capacity of in vitro models and their relationships to whole animal metabolism in order to accurately interpret results. Similarly, the dose-dependent roles of metabolism and detoxification will be difficult to assess. In addition, parent chemical metabolism and the role of specific metabolite(s) as drivers of MoA are frequent weaknesses in many risk assessments. Humans are not exposed simply to 1 compound by 1 route of exposure for a defined length of time, and the predominant practice of conventional toxicity testing does not account for this complexity. Insights into the health implications of mixtures will likely be aided by biomonitoring studies, but at present remains a difficult part of the overall exposure equation. Another "real-world" complication is the unaccounted for exposure to a diverse mixture of natural chemicals in the human diets and the typical human indoor environment. The need to improve exposure models in this regard is well recognized.
COnClUSiOnS
A common theme that emerged from presentations and the roundtable discussions at FutureTox is that a "paradigm shift" in toxicology will take place through incremental steps rather than by revolution. Specific uses for new technologies should be explored and targeted for decision making. Among these are prioritization of chemicals for further testing; read-across hazard profiles to estimate the hazards associated with a novel chemical, for which little data are available; improved understanding of chemical modes of action; reduced uncertainty associated with human variability and susceptibility; improved cross-species comparison and relevance; better understanding and more information on outcomes after low-dose exposure, leading to a more complete more relevant analysis of doseresponse relationships in humans.
Historically, the link between policy-based default assumptions and science-informed risk has been weak. Workshop participants recognized that future risk assessment paradigms may be informed better by science by relying less on apical hazard identification through conventional toxicity testing and instead increasing the emphasis toward PoT/AOP/MoA pathways and refined assessments of real-world human exposure. Importantly, the dialog and presentations at this workshop revealed that rapid progress is being made in addressing many technical challenges of these new methods so that they can eventually be used in risk assessment. The focus has largely been methods for hazard identification, but it was clear to all that more emphasis is needed on exposure assessment and the dose-dependent roles of metabolism and detoxification. The advent of 21st century testing technologies has opened the door for toxicity testing refinements that could lead to science-informed decision making in the near future. Achieving that objective will require that regulatory agencies and other stakeholders work in concert to define a clear strategic roadmap toward science-informed risk assessment.
By bringing together toxicologists, exposure scientists, risk assessors, and regulators, FutureTox provided a unique environment for formulating a new vision of 21st century toxicity testing, exposure science, and risk assessment. Basketter, D. A., Clewell, H., Kimber, I., Rossi, A., Blaauboer, B., Burrier, R., Daneshian, M., Eskes, C., Goldberg, A., Hasiwa, N., et al. (2012) . A roadmap for the development of alternative (non-animal) methods for systemic toxicity testing-t4 report*. ALTEX 29, 3-91.
